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Abstract
Growth/differentiation factors 5, 6, and 7 (GDF5/6/7) represent a distinct subgroup within the bone morphogenetic protein (BMP) family
of secreted signaling molecules. Previous studies have shown that the Gdf5 gene is expressed in transverse stripes across developing skeletal
elements and is one of the earliest known markers of joint formation during embryonic development. Although null mutations in this gene
disrupt formation of some bones and joints in the skeleton, many sites are unaffected. Here, we show that the closely related family members
Gdf6 and Gdf7 are expressed in different subsets of developing joints. Inactivation of the Gdf6 gene causes defects in joint, ligament, and
cartilage formation at sites distinct from those seen in Gdf5 mutants, including the wrist and ankle, the middle ear, and the coronal suture
between bones in the skull. Mice lacking both Gdf5 and Gdf6 show additional defects, including severe reduction or loss of some skeletal
elements in the limb, additional fusions between skeletal structures, scoliosis, and altered cartilage in the intervertebral joints of the spinal
column. These results show that members of the GDF5/6/7 subgroup are required for normal formation of bones and joints in the limbs,
skull, and axial skeleton. The diverse effects on joint development and the different types of joints affected in the mutants suggest that
members of the GDF family play a key role in establishing boundaries between many different skeletal elements during normal
development. Some of the skeletal defects seen in single or double mutant mice resemble defects seen in human skeletal diseases, which
suggests that these genes may be candidates that underlie some forms of carpal/tarsal coalition, conductive deafness, scoliosis, and
craniosynostosis.
© 2003 Elsevier Science (USA). All rights reserved.
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Introduction
Bone morphogenetic proteins (BMPs) are one of the
major families of secreted signaling molecules used to con-
trol many different events in axis formation, cell–cell com-
munication, and cell and tissue differentiation in many dif-
ferent organisms (Hogan, 1996; Kingsley, 1994). The
different members of the BMP family fall into discreet
subgroups based on amino acid sequence comparisons. Two
subgroups, the BMP2/4 subgroup and the BMP5/6/7/8 sub-
group have representatives in many different organisms
ranging from worms, to flies, to mammals. A third sub-
group, GDF5/6/7, is highly conserved in vertebrates, but
does not have known orthologs in invertebrates (Ducy and
Karsenty, 2000; Storm et al., 1994).
Developmental expression studies have shown a striking
association between sites of Gdf5 expression and sites of
joint formation. Strong stripes of Gdf5 expression are found
in the joint regions of skeletal precursors, corresponding to
the interzone regions where segmentation events subdivide
the larger skeletal precursors into individual skeletal ele-
ments. Joint structures, including articular cartilage, syno-
vial membranes, and tendon and ligament insertions, form
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in and around the interzone region. The dramatic stripes of
Gdf5 expression form even before interzone regions can be
recognized histologically and represent one of the earliest
known markers of joint formation (Merino et al., 1999;
Storm and Kingsley, 1996). As a result, the Gdf5 gene is
now one of the most frequently used molecular markers for
studying early joint development (Brunet et al., 1998; Hart-
mann and Tabin, 2001).
Genetic studies have shown that GDF5 is the normal
protein product of a classical mouse locus called brachypo-
dism (bp) (Storm et al., 1994). Null mutations in the gene
shorten the long bones of the limb and change the pattern of
joint and bone formation in the digits, wrists, and ankles
(Gruneberg and Lee, 1973; Landauer, 1952; Storm and
Kingsley, 1996; Storm et al., 1994). In the region where the
first and second phalanges of the digits should form, joint
markers abnormally expand. An abnormal cartilage element
forms in this region that fails to subdivide, resulting in a
reduction in the number of bones in the digits from three to
two (Storm and Kingsley, 1999). In addition, some bones in
the wrist and ankle are fused together, suggesting that Gdf5
may be required either for early initiation or maintenance of
these joints (Storm and Kingsley, 1996).
Although Gdf5 is expressed at the right time and place to
play a key role in joint formation, and is required for this
process at some sites in mice, overexpression experiments
have shown that Gdf5 is not sufficient to induce the joint
formation process. For example, implantation of recombi-
nant GDF5 protein on beads promotes cartilage growth
rather than cartilage segmentation (Merino et al., 1999;
Storm and Kingsley, 1999) and infection of limbs with
retroviruses expressing Gdf5 causes increased length of
skeletal elements (Francis-West et al., 1999). Also, trans-
genic mice expressing Gdf5 under the control of a Col11a2
promoter show extensive cartilage overgrowth and com-
plete absence of joints (Tsumaki et al., 1999, 2002). These
results have led to suggestions that the Gdf5 gene may only
play a role in cartilage growth, and that any joint defects in
brachypodism mice are a secondary consequence of under-
lying defects in the size of skeletal elements (Francis-West
et al., 1999; Merino et al., 1999). Alternatively, the gene
may play multiple roles in normal skeletal development,
including an early role in the stimulation of mesenchymal
condensation and cartilage formation, and a later role in the
organization of joint formation and segmentation events
across developing skeletal structures (Baur et al., 2000;
Storm and Kingsley, 1999).
The product of the Gdf5 gene is very closely related to
the products of two other genes, Gdf6 and Gdf7 (Storm et
al., 1994), which are also expressed in specific subsets of
developing joints (Wolfman et al., 1997). To better under-
stand the various functions of the GDF5/6/7 subgroup, we
have compared the expression patterns of the different fam-
ily members, inactivated the Gdf6 gene in mice, and con-
structed double mutants missing both the Gdf5 and Gdf6
genes. The variety of effects on joint and cartilage formation
seen in these mutants confirm an important role for GDF
molecules not only in cartilage growth, but also in joint
development. These results suggest a general role for this
group of proteins in the establishment of boundaries be-
tween skeletal elements and identify a new group of candi-
date genes for a variety of human joint disorders.
Materials and methods
Generation of Gdf6 mutant mice
A 1.74-kb fragment containing the second exon of the
Gdf6 gene was replaced with a positive selectable neomycin
resistance cassette by cloning 4.0- and 6.5-kb arms flanking
this fragment into the pPNT vector (Tybulewicz et al.,
1991). Since the second exon of the Gdf6 gene encodes the
entire mature signaling region and 120 amino acids of the
pro region, this is predicted to create a null mutation. DNA
was obtained from a mouse 129SV/J genomic phage library
(Stratagene). Targeted clones were generated by using R1
ES cells (gift from Janet Rossant) and injected into
C57BL/6J host blastocysts as previously described (Joyner,
1993). Chimeric animals were then backcrossed to
C57BL/6J and phenotypes were analyzed on a 129SV/J 
C57BL/6J mixed background.
Generation of Gdf5; Gdf6 double mutants
Gdf5bpJ/bpJ mutant mice were crossed to Gdf6/ mice to
generate Gdf6bpJ/; Gdf6/ compound heterozygotes.
These mice were intercrossed to produce Gdf5bpJ/bpJ;
Gdf6/ animals, which were then intercrossed to produce
Gdf5bpJ/bpJ; Gdf6/ double mutants and controls. The
Gdf5bpJ; Gdf6 animals are on a mixed A/J  129SV/J 
C57BL/6J background.
Genotyping
Genomic DNA samples were digested with EcoRV and
ApaLI and analyzed by Southern blot with a 400-bp 3
flanking probe generated using forward (5-AAAACCAAT-
GAAGACAGTTTC-3) and reverse (5-CCAGTGATA-
GAATTGTAGGCATG-3) primers, or a 345-bp mature
region probe amplified using forward (5-CGTCACG-
GCAAGCGACAT-3) and reverse (5-CCTACAGCCG-
CAGGACTC-3) primers. Rapid genotyping was per-
formed by using one set of primers that amplify a 176-bp
mature region fragment from Gdf6: 5-AGCTCTTGGT-
CATGGATGTTTCTC-3 and 5-CTGATGTAGCCCTTC-
CACCTTTC-3; and a second set of primers that amplify a
310-bp product from the neomycin resistance cassette:
5-TGGAGAGGCTATTCGGCTATGAC-3 and 5-TACTT-
TCTCGGCAGGAGCAAGG-3. Segregation of genotypic
classes was evaluated by using the Chi-square test.
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Whole mount skeletal preps
Mice from E13.5 to adults from 2 to 5 months of age
were stained with Alcian blue and alizarin red and cleared
as described (Lufkin et al., 1992). All adult skeletal preps of
mice from the Gdf5bpJ/bpJ; Gdf6/ intercross were col-
lected at 3 months of age. Alcian blue staining in the
vertebral column was assayed on the 10th thoracic vertebra
(T10) through the 3rd lumbar vertebra (L3). The surface
area covered by blue staining on the spinous process, and
the inferior articular processes of the intervertebral joints
were estimated to the nearest 25% with a dissecting micro-
scope using 8–80 magnification and evaluated for signif-
icance using Welch’s alternate t test. Spinal curvature was
measured by using the Cobb method (Cobb, 1948).
In situ hybridization
In situ hybridization was carried out on frozen tissue
sections as described (Storm and Kingsley, 1996). In situs
on the vertebral column used a modified developing solu-
tion (Thut et al., 2001). 3UTR probes were generated from
the mouse Gdf6 gene (291-bp region amplified with 5-
TGCTGTCCCGCCACCTG-3 and 5-CCCCTCCTTC-
CACGTCC-3), and the Gdf7 gene (290-bp region ampli-
fied with 5-CGCCCAGGACCCTAGCTC-3 and 5-
ACCGCCTCCAACTAAAAGG-3. Both the Gdf6 and
Gdf7 products were cloned into the pCRII vector (Invitro-
gen), and digoxygenin-labeled riboprobes were prepared as
previously described (Storm and Kingsley, 1996). The Col-
lagenII probe consists of a 405-bp portion of the 3 untrans-
lated region of the mouse Cola1(II) gene (Metsaranta et al.,
1991). The DeltaEFI and PTHrP probes were derived from
I.M.A.G.E. Consortium Clone IDs 1120602 and 1381923
(Lennon et al., 1996).
Whole-mount in situ hybridization
Whole-mount in situ hybridization was carried out as pre-
viously described (Wilkinson, 1992). The Gdf6 probe was
Fig. 1. Gdf6 is expressed and required in subsets of joints in the forelimb
and hindlimb. (A, B) In situ hybridization of forelimbs at E13.5. (A)
Gdf5 is strongly expressed in most joints, including shoulder (s), elbow
(e), wrist (w) and interphalangeal joints of the digits (d). (B) In contrast,
Gdf6 expression is primarily restricted to joints of the wrist (w) and
elbow (e) and the perimeter of the digit ray (arrowhead). (C–F) In situ
hybridization of hindlimbs at E14.5. (C) Gdf5 is strongly expressed in
most joints including the knee (k), ankle (a), and interphalangeal joints
of the digits (d). (D) Gdf6 expression is restricted to joints of the ankle
region (a) and part of the knee joint (data not shown). (E) Near adjacent
section of ColII expression delineates skeletal elements. (F) Gdf7
expression is even more restricted and is limited to the first inter-
phalangeal joints (arrows) and shoulder region (data not shown).
(G) Diagram of bones from wrist region of a wild type mouse. Roman
numerals I–V: metacarpals of first through fifth digits; 1–3, 4/5: distal
row of carpal bones; c: central carpal bone; r and u: radiale and ulnare
bones; R and U: radius and ulna. The three colored bones are normally
separated by joints in wild type mice (H), but are fused together into a
continuous U-shaped bone in the Gdf6 mutant (I, arrows). (J) Diagram
of bones from ankle region of a wild type mouse. Roman numerals I–V:
metatarsals; 1–3, 4/5: the distal row of tarsal bones; c: central tarsal
bone; ta: talus; ca: calcaneus. Bones of the same color are fused
together (L, arrows) and the yellow bone is reduced in Gdf6 mutant
mice (asterisk) as compared with wild type (K).
Table 1
Limb and skull fusions in Gdf6 mutant mice
Gdf6
genotype
Carpal Fusions Tarsal Fusions Coronal
craniosynostosis
c2 c3 23 Tc
/ 0/26 0/26 0/24 0/24 0/12
/ 2/24 1/24 0/24 0/24 0/11
/ 19/24 10/24 4/23 22/23 12/12
Note. Adult skeletons of Gdf6 mutants show a highly penetrant pheno-
type of fusions between specific bones in the wrist (c, central carpal bone;
2 and 3, second and third distal carpal bones), the ankle (2 and 3, second
and third distal tarsal bones; T, talus; c, central bone), and the skull
(coronal suture between parietal and frontal bones). See Figs. 1 and 5 for
the diagrammed location of the bones. Occasional fusions were seen in
heterozygotes, but not in wild type mice.
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generated by cloning a PCR amplified fragment generated by
using primers 5-GTCTTTACTAGTTGCAGCTCTTCCCT-
TGTTTATCC-3 and 5-CTCTTTGAATTCTGCATCTCA-
GTGAACAGGTTCTTG-3 in Bluescript SK (cloning sites
SpeI and EcoRI), cutting with SpeI and transcribing with T7
RNA polymerase. The FgfR2 probe was generated by cutting
plasmid pMFR2 (gift from Kevin Peters) with HindIII and
transcribing with T3 RNA polymerase (Peters et al., 1992).
Histology and BrdU labeling
Tissues for histology were fixed overnight in 4% para-
formaldehyde/PBS, decalcified in Cal-EX decalcifying so-
lution (Fisher) as needed, refixed overnight, and processed
as described (Storm and Kingsley, 1996). For BrdU label-
ing, embryos were collected from pregnant females injected
1 h prior to sacrifice with 80 g Bromodeoxyuridine
(BrdU)/g, embedded in paraffin, sectioned, and processed
with anti-BrdU antibodies as previously described (Nowa-
kowski et al., 1989). At least 594 cells were counted for
each genotype along the surface 2 cell layers at the malleus-
incus joint and along the surface 5 cell layers where the
stapes meets the oval window at E15.5, 16.5, 17.5, and 18.5.
At least 783 interior cartilage cells (more than 3 cell layers
away from the articular surface) were also counted for each
of the malleus, incus, and stapes of each genotype at E18.5.
Data were evaluated for significance by using the Student’s
t test.
Results
Gdf5, Gdf6, and Gdf7 expression during limb
development
We performed in situ hybridization to compare the pat-
terns of expression of Gdf5, Gdf6, and Gdf7 during normal
limb development. Like the Gdf5 gene, both Gdf6 and Gdf7
were expressed in stripes across developing skeletal con-
densations before the precursors had separated into obvi-
ously distinct cartilage elements and joints (Fig. 1) (Wolf-
man et al., 1997). However, the sites of Gdf6 and Gdf7
expression were much more restricted than those of Gdf5,
and these genes were expressed at lower levels. Gdf6 was
expressed in stripes in the elbow and the carpal joints at
E13.5, but was noticeably absent from the shoulder, meta-
carpophalangeal, and interphalangeal joints, which show
strong expression of Gdf5 (Fig. 1A and B). At E15.5, Gdf6
expression was also detected in the last interphalangeal joint
and around the tip of digit 1 (data not shown). In the
hindlimb, a similar qualitative pattern was observed, with
Gdf5 expression in most joints and strongest expression of
Gdf6 confined to the ankle and a restricted region in the
knee (Fig. 1C and D, and data not shown). Gdf7 was
expressed in an even more restricted pattern: a region
around the shoulder at E13.5 (data not shown), and a single
stripe across the digits of both the forelimbs and the hind-
limbs at E14.5 corresponding to the location of the proximal
interphalangeal joint (Fig. 1F, and data not shown). The
striking differences in expression patterns suggest that spe-
cific members of the GDF family may control formation of
joints at specific anatomical locations in the vertebrate limb.
Joint fusions in wrists and ankles of Gdf6 mutant mice
To test the function of Gdf6 in vivo, we inactivated the
Gdf6 gene using homologous recombination in embryonic
stem cells (Fig. 2). Mice heterozygous for the Gdf6 muta-
tion were intercrossed to obtain homozygous mutant ani-
mals. Gdf6 homozygotes were present at weaning age and
can survive to adulthood, showing that the gene is not
essential for viability. However, the number of homozy-
gotes was significantly lower than expected from Mendelian
ratios at 3 to 4 weeks after birth (167 /, 324 /, and
29 / animals; P  0.0001). Homozygotes were present
at normal ratios at embryonic day 18.5, suggesting in-
Fig. 2. Generation of Gdf6 mutant mice. (A) An exon encoding a portion of the pro region (gray box) and the entire mature signalling region (black box)
of Gdf6 was replaced by the neomycin resistance gene (neo) using positive selection in embryonic stem cells and negative selection against a herpes simplex
thymadine kinase (tk) cassette. The 3 external probe is indicated. A, ApaI; R, EcoRV; K, KpnI; B, BamHI; L, ApaLI. (B) Southern blot analysis of wild
type mice and animals heterozygous or homozygous for the transmitted allele using an ApaLI  EcoRV digest. The 3 flanking probe shows the expected
band sizes for correct targeting. (C) A probe covering the mature signaling region of Gdf6 fails to hybridize to DNA from mutant mice, confirming the creation
of a null allele. (D) PCR products from a reaction containing one set of primers that amplifies a 176-bp product from the Gdf6 mature region and a second
set of primers that amplifies a 310-bp product from neomycin.
Fig. 3. Marker gene analysis of developing limbs. At E13.5, ColII expression patterns are similar in the skeletal precursors of wild type and Gdf6 mutant
forelimbs (A, E) and hindlimbs (I, M). At E14.5 in forelimbs and E15.5 in hindlimbs, ColII expression domains separate into individual skeletal elements
in wild type animals (B, arrows; J, bracket). In contrast, ColII expression in Gdf6 mutants remains continuous between the central carpal element and distal
carpals 2 and 3 of the forelimb (F, arrows) and between the talus and central tarsal element of the hindlimb (N, bracket). Compare with the diagram of carpal
and tarsal organization shown in (D) and (L), respectively, with colored regions indicating the sites of fused elements in Gdf6 mutants. Near adjacent limb
sections hybridized with joint markers Gdf5, DeltaEF1, and PTHrP show clear expression between the developing skeletal elements of wild type mice (C,
arrows; K, and data not shown). In mutant limbs, these joint markers are expressed normally between most skeletal elements, and still show traces of
expression at sites where joints fail to form (G, H, O, P, and data not shown). Note that, at sites of fusions in Gdf6 mutants, the expression of some joint
markers extends only partway across the skeletal precursor (arrowheads in O and P; G, arrow). The cartilage specific marker, ColII, is downregulated in those
regions that express joint markers (N, arrowhead; F, right arrow). These data suggest that the process of joint formation initiates but cannot be completed
or maintained in the absence of the Gdf6 gene product.
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creased mortality in the perinatal period (40 /, 70 /,
and 41 / embryos; P  0.8447).
Consistent with a key role for GDF6 in the development
of specific joints, Gdf6 mutant mice displayed fusions be-
tween specific bones in the wrists and ankles, which corre-
spond to major sites of Gdf6 expression. Fusions between
two or three specific carpal bones in the wrist were seen in
most mutant mice (Fig. 1I; Table 1). In addition, some
animals also showed general disorganization of bones in the
carpal region (data not shown). Fusions also occurred in the
hindlimbs of mutant animals between bones in the ankle
region. The talus was consistently fused to the central tarsal
bone and the second and third distal tarsal bones were
sometimes fused (Fig. 1L; Table 1). Skeletal preparations of
both embryonic and surviving adult Gdf6 mutants showed
similar defects (data not shown).
To investigate the developmental origin of the defects,
we examined the expression of cartilage and joint markers
between E13.5 and E15.5, the time period during which
much of the patterning of skeletal elements and joints first
becomes apparent. Carpal and tarsal bones generally form
from larger precursors that subdivide into individual skele-
tal elements (Shubin and Alberch, 1986). At E13.5, collagen
II (ColII), a marker for early cartilage development, hybrid-
izes to skeletal precursors that have not yet divided into
separate elements. Both mutant and wild type limbs ap-
peared similar at this stage (Fig. 3A, E, I, and M). At E14.5
in the forelimbs, and at E15.5 in the hindlimbs of wild type
mice, the larger precursors had separated into individual
elements (Fig. 3B and J). However, the precursors of the
central, 2, and 3 carpals of the wrist of Gdf6 mutant mice
(Fig. 3F) and the precursors of the talus and central
tarsals in the ankle (Fig. 3N) failed to subdivide at equiv-
alent stages, demonstrating that the fusions seen in the
Gdf6 mutant occur early during joint development (Fig.
3F and N).
To test whether formation of specific carpal/tarsal joints
is completely blocked in the mutant, we analyzed the ex-
pression of three other joint markers, Gdf5, PTHrP, and
DeltaEF1 (Storm and Kingsley, 1996; Takagi et al., 1998;
Vortkamp et al., 1996). In the forelimb, early expression of
both Gdf5 and DeltaEF1 was sometimes detected in the
skeletal precursors of the Gdf6 mutant, extending either
partway or all the way across the elements that are normally
fused in Gdf6 mutants (Fig. 3G and H). In the hindlimb,
similar partial or incomplete expression of the joint markers
Gdf5 and PTHrP was seen at presumptive joint between the
talus and central tarsal element, usually limited to the pe-
riphery of the undivided precursor (Fig. 3O and P). The
cartilage marker ColII was downregulated at the site of joint
marker expression, but was otherwise continuously ex-
pressed in the central region where the skeletal precursor
remained connected (Fig. 3N). These data suggest that the
earliest stages of joint formation initiate in the Gdf6 mutant,
but either cannot proceed or cannot be maintained in the
wrist and ankle region.
Cartilage and ligament defects in middle ear of Gdf6
mutants
In addition to the defects in segmentation of early skel-
etal precursors, defects were also seen in formation and
growth of both cartilage and ligament structures. In wild
type mice, the first distal tarsal is normally a long, slender
element sitting at the base of the first metatarsal (Fig. 1J and
K). In the Gdf6 mutant mice, this element was dramatically
reduced in size (Fig. 1L, asterisk). Size reductions were also
seen in middle ear bones of mutants. The malleus, incus,
and stapes normally form a chain of three bones that trans-
mit vibrations from the eardrum to the oval window (Fig.
4A). Gaps were apparent between all three bones in intact
ears of Gdf6 mutant mice (Fig. 4B), and all three bones
showed altered shapes (Fig. 4C and D). Strikingly, the
alterations in Gdf6 mutant mice appeared to be largely
limited to the articular surfaces where the malleus meets the
incus, the incus meets the stapes, and the stapes meets the
oval window (Fig. 4C and D). In addition, the annular
ligament, which surrounds the base of the stapes and con-
nects it to the margin of the oval window, was significantly
reduced, as were the attachment processes on the distal end
of the stapes (Fig. 4C, D, I, and J, red arrows). In situ
hybridization experiments showed that the Gdf6 gene is
normally expressed in stripes at the articular surfaces be-
tween the malleus and incus, the incus and stapes, and the
stapes and oval window (Fig. 4E and F). BrdU incorpora-
tion studies showed a substantial reduction in cell prolifer-
ation along the opposing surfaces of these three cartilage
elements in Gdf6 mutant embryos (Fig. 4G–J, and data not
shown; % surface labeling: malleus–incus joint, 54 9% in
wild type, 18 2% in mutant, P  0.0001; stapes–oval
window joint, 57  9% in wild type, 23  9% in mutant, P
 0.0001). In contrast, no significant difference was seen in
the BrdU labeling index of cells in the interior of the middle
ear cartilage elements (6  3% in wild type, 6  4% in
mutant, P  0.7). These defects suggest that expression of
the Gdf6 gene in joints of the middle ear is required for
normal growth and proliferation of adjacent cartilage and
ligament tissues. Interestingly, the expression of Gdf6 in the
joint region of the middle ear is restricted to later stages and
was not seen prior to segmentation of the malleus–incus
element. Gdf6 thus appears to play a role in later cartilage
development and proliferation at this location, rather than in
early joint specification or segmentation as in the wrist and
ankle.
Absence of coronal suture in Gdf6 mutants
The bony plates of the skull are normally joined by
sutures. Unlike synovial joints, which are fluid-filled, highly
mobile, and require maintenance of articular cartilage on
opposing surfaces of endochondral bones, sutures are thin,
fibrous, immobile, and form between flat intramembranous
bones without formation of articular cartilage. These unique
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joints normally develop at the union of two advancing
ossification fronts and serve as a center for further growth
and expansion of opposing bony plates of the skull (Cohen
and Pruzansky, 1986; Wilkie, 1997).
In Gdf6 mutant mice, the coronal suture of the skull,
normally joining the frontal and parietal bones, is consis-
tently missing (Fig. 5A and B; Table 1). Sagittal sections
through paraffin-embedded mutant skulls at E18.5 showed
an absence of any morphological sign of suture formation
(Fig. 5C and D). Whole-mount expression studies showed
that the Gdf6 gene is expressed in the developing coronal
suture of wild type mice (Fig. 5E). No expression of Gdf5 or
Gdf7 was detected in sutures in similar experiments. Previ-
ous studies have shown that the FgfR2 gene is also ex-
pressed in developing sutures and is required for suture
development (Fig. 5G) (Iseki et al., 1997; Wilkie, 1997). At
all stages examined (E15.5 through E18.5), the expression
of FgfR2 was absent from the coronal suture region of the
mutant skulls (Fig. 5H, and data not shown). Loss of Gdf6
thus blocks formation of the coronal suture at or near the
onset of its formation and is required for normal FgfR2
expression.
Additional defects in Gdf5, Gdf6 double mutants
Gdf5 is expressed widely in many different joints and
may help compensate for loss of Gdf6 function at some
locations (Storm and Kingsley, 1996). To test for additional
functions of both molecules, we generated double mutant
animals carrying null mutations in both the Gdf5 and Gdf6
genes. Double mutants survived to birth in normal Mende-
lian ratios, but only a small percentage (less than 5%)
survived to adulthood. The skeletons of Gdf5; Gdf6 double
mutants showed several striking defects that had not been
observed in either the Gdf5 or Gdf6 single mutants.
In the limbs of the double mutants, many bones are
severely reduced or absent. For example, the phalanges that
are reduced in number from three to two in each digit of the
Gdf5 single mutants (Fig. 6K and M) (Storm et al., 1994)
are further reduced in the Gdf5; Gdf6 double mutants (28/28
limbs). This is especially pronounced in the forefeet, where
only remnants of the phalanges remain, and resemble ses-
amoid bones or fusions of sesamoids and phalanges together
(Fig. 6A, B, M, and N, brackets). Next, the ulnare bone (u),
which normally articulates on its ventral side with the pisi-
form (p), is so reduced that the pisiform is visible dorsally
(Fig. 6A, B, M and N). In the hindfeet, the talus bone (ta)
that normally articulates with the tibia (ti) is completely
Fig. 4. Middle ear defects in Gdf6 mutant mice. (A) Normal articulations
between the malleus (m) and incus (i) and between the incus and stapes (s)
are clearly visible in the wild type mouse (blue and green arrows, respec-
tively). (B) Gaps are seen at the m-i (blue arrow) and i-s (green arrows)
joints in Gdf6 mutants. Isolated bones from wild type (C) and mutant (D)
animals show mutants have underdeveloped articular regions of the mal-
leus and incus (blue arrow) and the incus and stapes (green arrows).
Additionally, the processes at the edges of the stapes where it articulates
with the oval window are absent in the mutant (red arrows). In situ
hybridization at E17.5 shows that the Gdf6 gene is expressed in stripes at
the m-i joint (E), the i-s joint, and the site of connection between the stapes
and the oval window (F). BrdU-labeled paraffin sections at E18.5 show
higher rates of cell proliferation along surfaces of the m-i joint and
stapes-oval window joints in wild type (G, I) compared with Gdf6 mutants
(H, J). Additionally, the annular ligament, which surrounds the base of the
stapes and attaches it to the margin of the oval window is much thinner (J,
red arrows) or absent altogether (data not shown).
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missing in all of the animals (Fig. 6E–H, Q and R). As a
result, the distal end of the tibia rests directly on the bottom
of the foot (Fig. 6G and H). Also, metatarsal II is split into
both a dorsal (MTIId) and a ventral (MTIIv) element (Fig.
6I and J). Additionally, the radius is bowed and dislocated
from the elbow joint at birth. This may occur because the
ulna is poorly ossified and shorter than the radius at late
stages of embryogenesis and early postnatal development.
However, by adulthood, the ulna is fully ossified, matches
the radius in length, and the radius straightens out (data not
shown).
Several limb joints fail to form or are not maintained in
the double mutants. For example, in normal development,
the distal rows of carpals and tarsals arise by segmentation
of the early digit rays, producing a series of bones at the
base of the metacarpals and metatarsals (Shubin and Al-
berch, 1986). In 86% of double mutants, carpal element 4/5
in the forelimb is fused to the proximal end of metacarpal
IV (Fig. 6A, B, M, and N, asterisk). Histological sections
show that this fusion has not yet occurred by embryonic day
E18.5, but is complete by postembryonic day 6 (Fig. 6C and
D). Similarly, tarsal elements are fused to the proximal ends
of the split metatarsal II (Fig. 6E, F, I, J, Q, and R, arrow),
and histological sections show that these fusions occur after
E18.5 (data not shown). Joint fusions also occur between
the metatarsal and proximal phalanx of digit V (Fig. 6E, F,
Q, and R, asterisk, 10/14 double mutant hindlimbs), be-
tween metacarpal and phalange rudiments of multiple dig-
its, and between the fibula and the calcaneus (data not
shown). These data suggest that GDF5 and GDF6 proteins
Fig. 5. Absence of the coronal suture in Gdf6 mutant mice. The coronal suture is clearly visible in the adult wild type skull (A, arrow) but is absent from
the Gdf6 mutant skull (B). The area photographed is shown diagrammatically in (F), with the coronal suture highlighted in red. Histological sections from
E18.5 wild type embryos (C) show the characteristic overlapping bony plates (asterisks) and suture (arrow). No sign of suture formation exists in mutant (D).
Gdf6 is normally expressed in the sutures of the developing skull at E16.5 (E), as is the FgfR2 gene (G). Gdf6 mutants at E16.5 show complete absence of
FgfR2 expression in the coronal suture (H, arrow) but normal expression at other locations.
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are required both for skeletal element formation and for
maintenance of joints between elements.
The vertebral column of the double mutants also showed
defects not seen in either Gdf5 or Gdf6 single mutant ani-
mals. Two of seven adult animals had a severe lateral
curvature of the spine (scoliosis) with curvatures between
39 and 67 degrees (Fig. 7C). This phenotype appears to
develop after birth, as all 17 newborn double mutants ex-
amined had straight spines. Careful analysis of the vertebral
joints and spinous processes in adult double mutant mice
revealed that the lower thoracic and lumbar vertebra showed
a reduction of Alcian blue-stained cartilage matrix in the
intervertebral articular processes between vertebra T13 and
L2 and in the tip of spinous processes of vertebrae T12 to
L3 (Fig. 7A, B, and D–F, and data not shown). Sections of
T13 vertebra show that double mutant animals have cells
with the normal morphology of chondrocytes at these sites,
but show reductions in the Alcian blue staining of the matrix
surrounding the cells (Fig. 7D and E). In situ hybridization
at E16.5 and E18.5 showed that the Gdf5 and Gdf6 genes
are both expressed in stripes that correspond to the forming
joints between vertebrae (Fig. 7G–I). These results show
that Gdf5 and Gdf6 are expressed in synovial joints outside
the limbs, and are required for normal development or
maintenance of vertebral bodies and articular and spinous
cartilage.
Discussion
GDF family members are required for joint development
in addition to cartilage formation
A key role for GDF molecules in joint formation was
initially suggested by the dramatic expression pattern of
Gdf5 in stripes across developing skeletal elements and the
altered pattern of bone and joint formation seen in limbs of
brachypodism mutant mice (Storm and Kingsley, 1996).
Although the molecule is expressed at the right time and
place to play a key role in early joint development, and is
clearly required for normal joint development in the digits
and potentially the wrists, subsequent studies have shown
that ectopic expression of Gdf5 is not sufficient to initiate
either joint formation, or expression of joint specific mark-
ers. Instead, ectopic expression experiments in embryos
have shown that Gdf5 stimulates cartilage formation and
cartilage growth, and in fact restricts expression of joint
markers (Francis-West et al., 1999; Merino et al., 1999;
Storm and Kingsley, 1999). A more detailed analysis of
digit development in brachypodism mutant mice has shown
that cartilage markers are reduced and joint markers are
expanded in the absence of Gdf5 function, at least in the
digit region (Storm and Kingsley, 1999). Based on these
studies, we have previously proposed that the gene acts
early to both stimulate cartilage formation and restrict joint
formation to the correct region, and later to promote seg-
mentation of skeletal precursors (Storm and Kingsley,
1999). However, based on overexpression experiments with
GDF5 protein, transgenes, or viruses, others have proposed
that Gdf5 may act only to stimulate cartilage development,
and that any effects on joint formation in brachypodism
mice are secondary to earlier defects in cartilage formation
or reduced limb mobility (Francis-West et al., 1999; Merino
et al., 1999).
Because ectopic expression experiments may not deliver
physiological amounts of protein, we think it is useful to
supplement overexpression studies with additional loss of
function tests of each of the GDF5/6/7 family members. Our
expression and functional studies with Gdf6 confirm that
GDF family members have important roles in both cartilage
growth and joint formation. Both the reduced size of the
middle ear bones and the direct demonstration of reduced
cell proliferation in articular regions of Gdf6 mutants
strongly supports a role for Gdf6 in promoting growth of
adjacent cartilage elements. This effect is strongly localized
to the articular regions, probably as a result of the specific
expression of Gdf6 in the interzone region between middle
ear elements.
The fusion of carpal and tarsal elements in Gdf6 mutants
suggests that, at some locations, Gdf6 is also required for
the early segmentation of embryonic condensations into
separate skeletal elements. Unlike the complex situation in
the digits of brachypodism mice, where joint markers ex-
pand and cartilage markers contract when Gdf5 is defective
(Storm and Kingsley, 1999), the changes seen in the wrist
and ankle region of Gdf6 mutants are consistent with a
simple failure of the segmentation process. In the absence of
GDF6, skeletal precursors fail to divide properly at specific
locations, expression of cartilage markers appears spatially
expanded, and joint markers are contracted. Since other
joint markers appear transiently at the sites of segmentation
(Fig. 3G, H, O, and P), Gdf6 is likely required for an
execution stage of the segmentation process, rather than for
the earliest initiation of the process. Although it was pro-
posed that the wrist and ankle fusions seen in Gdf5 mutant
mice may be a secondary result of reduced mobility from
limb malformations (Francis-West et al., 1999), the limbs of
Gdf6 mutants are very similar to wild type mice and exhibit
no defect that should reduce mobility enough to cause joint
fusions. In addition, studies using paralyzed chick embryos
show that immobilized joints fuse after cavitation has begun
(Mitrovic, 1982), a stage much later than when defects in
the Gdf6 mice are observed. The wrist and ankle fusions in
the Gdf6 mutants thus provide strong evidence for an im-
portant role of GDF molecules in the early segmentation
process. Recent studies in chicks suggest that Wnt14 is
expressed in developing interzones and is capable of stim-
ulating early subdivision of skeletal elements and expres-
sion of Gdf5 (Hartmann and Tabin, 2001). Although the
expression and genetic function of Wnt14 has not yet been
tested in mice, it could act together with GDFs in a larger
pathway that controls joint segmentation and formation.
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The GDF genes may be required over a fairly broad time
window for normal joint development. In contrast to the
early joint fusions seen in the wrists and ankles of Gdf6
single mutants, some of the fusions seen in Gdf5; Gdf6
double mutant mice clearly occur much later in develop-
ment and involve skeletal elements that initially separate
and then coalesce at postnatal stages (Fig. 6C and D). These
fusions could be secondary consequences of joint immobil-
ity in the severely malformed limbs of the double mutants.
Alternatively, Gdf5 and Gdf6 may function together late in
development to prevent joint fusions at or near the time of
cavitation.
In addition to specific carpal and tarsal joint fusions,
Gdf6 mice showed a defect in formation of the coronal
suture in the skull. These results came as a surprise because
skull sutures are a unique type of joint that form by a very
different process than synovial joints in the limb. The flat
bones of the skull form directly from mesenchyme, without
a cartilage precursor. Centers of ossification form directly
within cranial mesenchyme and expand outward until the
ossification fronts of adjacent bones come into contact at the
edges. At the junction, a tight fibrous union forms that
directly connects bone to bone, without development of
either articular cartilage or synovial fluid (Cohen and
Pruzansky, 1986; Wilkie, 1997). This pattern of develop-
ment and the tissues that make up the mature suture joint are
strikingly different from the mobile synovial joints that
form from cartilaginous precursors in most other regions of
the skeleton. The stripe-like expression of Gdf6 in develop-
ing sutures and the failure of coronal suture formation in
Gdf6 mutant mice provide the first evidence that GDF
family members also play an important role in formation of
this distinct type of articulation. The absence of a cartilage
intermediate in coronal suture formation also provides a
strong argument that some of the joint defects seen in
mutant mice are not just a secondary consequence of effects
on cartilage growth.
Several signaling molecules are known in Drosophila
that are expressed in stripes in embryos or in multiple types
of imaginal discs, such as wingless or decapentaplegic (Ir-
vine and Rauskolb, 2001). These genes serve a general role
in organizing compartment boundaries rather than directing
the formation of a single cell or tissue type. It is striking that
the Gdf5/6/7 genes are also expressed in stripes between
many different types of skeletal structures, including di-
verse sites in the limbs, vertebral column, sternum, and
skull, where many different histological types of joints form
(synovial joints in the limb and vertebral column, fibrocar-
tilaginous joints in the sternum, and suture joints in the
skull). Diverse types of joint defects are also seen in Gdf5
and Gdf6 mutant animals, including expanded joint markers
in the digits of brachypodism mice, contracted joint markers
in the wrist and ankles of Gdf6 mutant animals, decreased
cartilage proliferation in the middle ear of Gdf6 mutants,
and failure of formation of the coronal suture of the skull.
The general association of Gdf expression with regions of
joint formation and the defects in very different types of
joints that form both with and without a cartilage precursor
suggest that GDFs may play a general role in establishing
developmental boundaries between skeletal elements, rather
than just affecting the formation or growth of a single type
of tissue, such as cartilage. These results are consistent with
previous reports that GDF5/6/7 molecules are also capable
of inducing formation of multiple tissues found in joints,
including both cartilage (Hotten et al., 1996) and fibrous
ligaments (Wolfman et al., 1997). In both Drosophila and
vertebrates, the mechanisms that control multiple responses
to single BMP signaling molecules are still poorly under-
stood (Affolter et al., 2001). Further study of other known
components of the BMP signaling pathway, and of other
signaling pathways that interact with BMPs, may help de-
termine how different sites respond to exposure to GDF
molecules.
GDF family members are specific to vertebrates and may
contribute to skeletal evolution
The GDF5/6/7 subgroup of the BMP family appears to
be specific to higher animals. Although clear orthologs of
the BMP2/4 and the BMP5/6/7/8 subgroups have been
found in flies and worms, no homologs of the GDF sub-
group are known outside of vertebrates (Ducy and Karsenty,
2000). It is interesting to note that for two of the three
family members, Gdf5 and Gdf6, null mutations in the genes
lead to defects in vertebrate specific tissues (cartilage,
joints, skull sutures) (Fig. 6) (Storm et al., 1994). In con-
trast, mutations in Gdf7 produce defects in formation of
particular interneurons in the spinal cord and defects in
seminal vesicle formation (Lee et al., 1998; Settle et al.,
2001). Further studies with double or triple mutant animals
may reveal additional functions of all three genes in forma-
tion and patterning of both skeletal and nonskeletal tissues.
The close amino acid similarity of the Gdf5, Gdf6, and
Gdf7 genes suggest that they arose by gene duplication
during vertebrate evolution (Storm et al., 1994). Although
all three of the genes are clearly expressed in joints, the
expression patterns in different joints vary markedly be-
tween family members (Fig. 1) (Wolfman et al., 1997). Gain
and loss of different cis-acting regulatory elements within
the duplicated GDF5/6/7 subgroup may provide one mech-
anism that vertebrates have used to achieve independent
genetic control over the process of joint development at
specific locations. The mechanisms that generate these
highly specific patterns are currently unknown. However,
Hox genes are known to be expressed in dynamic overlap-
ping domains in the forming limb, and some of the bound-
aries of Hox gene expression may occur at sites where
specific joints later form (Dolle et al., 1989; Nelson et al.,
1996; Yokouchi et al., 1991). In addition, mutations in
particular Hox genes can alter skeletal and joint patterning,
sometimes at sites similar to those affected by GDF muta-
tions (Davis and Capecchi, 1994; Davis et al., 1995; Dolle
125S.H. Settle Jr. et al. / Developmental Biology 254 (2003) 116–130
Fig. 6. Gdf5 and Gdf6 function redundantly in bone and joint formation. Dorsal view of forefeet shows reduction of phalanx number from three to two elements
in a Gdf5/ animal (A, bracket) and further reduction of phalanges (bracket), reduction and absence of wrist elements, and fusion of carpal 4/5 to metacarpal IV
(asterisk) in a Gdf5/; Gdf6/ animal (B). Note the ulnare (u) in the double mutant is reduced, exposing the pisiform (p) underneath. Histological sections show
the joint between metacarpal IV and carpal 4/5 is present in Gdf5/; Gdf6/ mutants at embryonic day 18.5 (C, asterisk), but has fused by postnatal day 6 (D,
asterisk). Dorsal view of hindfeet from a Gdf5/ animal (E) and a Gdf5/; Gdf6/ animal (F) showing the double mutant has a fusion of metatarsal V with the
proximal phalanx (asterisk), a fusion of metatarsal II with a tarsal (arrows), and severe reduction and loss of most ankle bones. Medial view of Gdf5/ (G) and
Gdf5/; Gdf6/ (H) animals showing the talus (ta) is absent in the double mutant, allowing the tibia (ti) to rest on the bottom of the foot. The tibiale (t) is the
only bone in the ankle of the double mutant with an assignable identity. Lateral view of metatarsal II from Gdf5/ (I) and Gdf5/; Gdf6/ (J) hindlimbs
(metatarsal I and associated phalanges are removed). The double mutant has a dorsal (IId) and a ventral (IIv) metatarsal II, and both are fused to tarsal bones (arrow).
Only IIv articulates with the phalanges. Schematic diagrams of forefeet (K–N) and hindlimbs (O–R) from wild type (K, O), Gdf6 / (L, P), Gdf5/ (M, Q), and
Gdf5/; Gdf/ double mutants (N, R) showing fused joints in red and asterisks, brackets, and arrows highlighting the same changes discussed above. (K, L, O,
P) Adapted from Gruneberg and Lee (1973). (M, N, Q, R) Tracings of limbs shown in (A, B, E, F), respectively. (Scale bar, 1 mm).
et al., 1993; Fromental-Ramain et al., 1996; Small and
Potter, 1993; Zakany and Duboule, 1999). Some of these
changes also resemble morphological variation seen in dif-
ferent vertebrate species, including the reduction in carpal
and tarsal number in many animals adapted to flying or high
speed running (Romer, 1966). Further study of the regula-
tory elements within the Gdf5 and Gdf6 genes will help to
determine whether their expression is controlled by HOX
genes or other upstream factors, and how these regulatory
mechanisms may vary in animals with specific changes in
particular joints and skeletal structures.
Comparison of Gdf mutants to human skeletal disorders
Regional defects in joints also cause many important
skeletal diseases in humans. For example, carpal and tarsal
Fig. 7. Gdf5 and Gdf6 are expressed in developing vertebral joints and function redundantly to form proper vertebrae and vertebral cartilage. Thirteenth
thoracic vertebra from 3-month-old Gdf5/ (A) and Gdf5/; Gdf6/ double mutant (B) animals stained with alizarin red (bone) and Alcian blue
(cartilage). Staining of Alcian blue is severely reduced in the spinous process (asterisk) and caudal articular processes (arrows) of the double mutant. (C)
Thoracic vertebra from a double mutant with scoliosis showing a 39-degree bend in the vertebral column. (D) Cartilage cells from the articular processes
of the 13th thoracic vertebra of 3-month-old Gdf5/ animals are ringed with strong Alcian blue stained pericellular matrix (arrow) and surrounded by matrix
staining lighter purple (bracket). In contrast, the matrix from the articular region of age-matched Gdf5/; Gdf6/ double mutant animals shows reduced
staining (E). (F) Percentage of articular process and spinous process surface area covered with Alcian blue-stained matrix (13th thoracic vertebrae, n  9,
13, 10, 10, and 7 animals for wt, 6/, 5/; 6/, 5/; 6/, and 5/; 6/ classes, respectively. Asterisk marks significant differences). (G–I) In situ
hybridization on adjacent sagittal sections of E16.5 wild type mice (dorsal, up; anterior, left) showing ColII expression in the developing cartilage flanking
two consecutive vertebral joints (G), and Gdf5 (H) and Gdf6 (I) expressed in the developing joints between vertebrae.
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coalition syndromes occur with an incidence of 1 in 2500
newborns (Mosier and Asher, 1984; Page, 1987). Likewise,
congenital conductive hearing loss occurs in about 1 in
11,000 births, and a subset of these involve reductions of the
middle ear bones (Briggs and Luxford, 1994; Wehrs, 1999).
Although the genetic causes are unknown, these syndromes
affect some of the same bones and joints disrupted in Gdf6
knockout mice. In addition, defects in suture formation, or
craniosynostosis, are seen in at least 1 in 2500 newborns
(Cohen and Pruzansky, 1986; Wilkie, 1997). Premature
fusion of the skull bones prevents normal expansion of the
brain and skull, and can lead to gross deformity and mental
retardation if not surgically corrected. Although some forms
of human craniosynostosis have been traced to defects in
FGF signalling, Msx2 expression, and twist or FBN1 genes,
the genetic defects in other patients are unknown (Wilkie,
1997). Gdf6 mutant mice provide a new animal model for
studying the origin of this important skeletal disease, and a
new candidate gene to evaluate for possible alterations in
human families with carpal/tarsal coalitions, middle ear
defects, coronal craniosynostosis, or combinations of these
phenotypes.
Several human skeletal syndromes have previously been
shown to arise from mutations in the human GDF5 gene
(also known as CDMP1), including brachydactyly type C,
acromesomelic chondrodysplasia, Hunter-Thompson type
(CHTT), and chondrodysplasia Grebe type (CGT) (Polink-
ovsky et al., 1997; Thomas et al., 1996, 1997). Null muta-
tions in the human GDF5 gene cause limb-specific bone and
joint abnormalities that resemble many of the skeletal de-
fects in brachypodism mice (Gruneberg and Lee, 1973). In
contrast, dominant-negative mutations in GDF5 cause much
more severe limb defects in CGT patients. In vitro trans-
fection experiments suggest that these mutations block nor-
mal processing and dimerization of other BMP family mem-
bers, although the molecules affected in vivo are still not
known (Thomas et al., 1997).
Mice lacking both Gdf5 and Gdf6 have many skeletal
defects that closely resemble those seen in the human CGT
patients with dominant negative GDF5 mutations, including
fewer carpal bones, extreme reduction of the proximal and
middle phalanges of the forelimb, reduction of the ulna and
bowed radius (more severe in newborn mice than adults),
delayed ossification, dislocated elbow, fusions of metatar-
sals to each other, and fusions of metatarsals to phalanges
(Costa et al., 1998). These strong phenotypic similarities
suggest that some of the additional phenotypes seen in CGT
patients may be due to a dominant negative effect on GDF6.
Some differences in phenotype would be expected if the
human mutation also affects other BMP family members
and if the mouse mutations result in complete rather than
partial loss of activity. Consistent with this model, the
human patients show some defects not seen in the double
mutant mice (complete absence of the distal ulna, a small,
triangle shaped tibia, and frequent loss of proximal and
medial phalanges in the feet). In addition, the double mutant
mice show some defects that are more severe than those in
the human patients (e.g., complete loss of tarsal bones).
Scoliosis, a lateral curvature of the spine greater than 10
degrees, is a common but poorly understood syndrome
affecting 2–3% of the human population. Idiopathic scoli-
osis (IS) accounts for 80% of cases, occurs in otherwise
normal individuals, and often arises during the rapid skel-
etal growth of puberty. Although susceptibility to IS is
thought to be strongly influenced by genetic factors, linkage
studies and the high phenotypic variability of the syndrome
suggest that IS is a complex trait that may depend on
multiple interacting factors (Miller, 2000). Mouse mutants
with vertebral defects are currently being studied to help
identify genes that may be responsible for IS in humans.
However, most previously described mutants have missing
or severely malformed vertebrae at birth, the hallmark of
congenital, not idiopathic, scoliosis (Blank et al., 1999;
Giampietro et al., 1999). Inactivation of both Gdf5 and Gdf6
results in striking lateral curvatures of the spine in roughly
30% of animals surviving to adulthood. Interestingly, no
grossly malformed vertebra were observed in double mu-
tants at birth, suggesting that, like IS in humans, the phe-
notype in the double mutants arises during progression to
adulthood. Neither the Gdf5 nor the Gdf6 single mutants
shows a scoliosis phenotype at either young or adult ages.
The scoliosis in double mutant mice thus provides an ex-
ample of a partially penetrant phenotype dependent on at
least two different genetic factors.
The expression of GDF5/6/7 subgroup members in dif-
ferent kinds of joints and the localized defects in bone and
joint development seen in mutant animals provides strong
evidence that these genes are necessary for proper joint
development in addition to regulating cartilage growth. Fur-
thermore, the phenotypes of these mutants suggest that this
subgroup and other components of the BMP signalling
pathway should be considered as candidates that may con-
tribute to limb, skull, middle ear, and vertebral joint disor-
ders in humans.
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